Iron is an essential nutrient which must be provided in sufficient amounts to support growth of eukaryotic cells. All organisms devote specialized pathways to ensure proper delivery. Yet, a quantitative assessment of the intra-cellular iron concentration needed to allow the cell cycle to proceed in mammalian cells is missing. Starting from iron-depleted cell lines or primary hematopoietic progenitors prepared with clinically implemented iron chelators, replenishment via transferrin and other iron sources has been quantitatively monitored through the main endogenous markers of the cellular iron status, namely proteins involved in the uptake (transferrin receptor), the storage (ferritin), and the sensing (Iron Regulatory Proteins) of iron. When correlated with measurements of iron concentrations and indicators of growth, this minimally intrusive approach provided an unprecedented estimate of the intracellular iron concentration acting upon iron-centered regulatory pathways. The data were analyzed with the help of a previously developed theoretical treatment of cellular iron regulation. The minimal cellular iron concentration required for cell division was named functional iron concentration (FIC) to distinguish it from previous estimates of the cellular labile iron. The FIC falls in the low nanomolar range for all studied cells, including hematopoietic progenitors. These data shed new light on basic aspects of cellular iron homeostasis by demonstrating that sensing and regulation of iron occur well below the concentrations requiring storage or becoming noxious in pathological conditions. The quantitative assessment provided here is relevant for monitoring treatments of conditions in which iron provision must be controlled to avoid unwanted cellular proliferation.
Introduction
Iron is required to maintain viability and to support growth of almost all kinds of cells. In eukaryotes, it is abundantly present in the electron-transfer centers of the mitochondrial respiratory chain, for instance, and, more generally, it participates at the active sites of a myriad of proteins and enzymes. Consequently, iron is mandatory for cellular proliferation [1] , and iron removal from the growth medium generally stops the cell cycle at the G1/S transition. One contributing factor to this blockade is the iron-dependent enzyme ribonucleotide reductase, which relies on a subunit containing a tyrosyl-di-iron cofactor [2] . The arrest of the cell cycle induced by iron chelators justifies considering these compounds as anti-neoplastic agents [3] .
In metazoans, the most iron demanding pathway is erythropoiesis since iron is the anchoring site of oxygen in hemoglobin, a protein supplying oxygen to tissues. Iron-deficient individuals suffer from anemia, in which not enough iron is incorporated into nascent hemoglobin and which is the most widespread single nutrient deficiency worldwide [4, 5] . Iron provision for hematopoiesis is delivered by transferrin (Tf), a circulating glycoprotein which can be easily measured together with its iron load to gauge the iron status. Although the critical levels of this useful biomarker have been set a long time ago, it remains unclear how much Tf-delivered iron is needed to support proliferation of cells that must divide to maintain homeostasis or to fulfill specific functions. Throughout hematopoiesis, cells must properly handle iron according to the specific requirements of the different stages, from renewal of stem cells to full differentiation of specialized blood components [6] .
Cells need to maintain the proper level of iron availability, and this requirement is challenged in transfusion-induced iron overload or, conversely, by neoplasm-triggered large iron consumption. The former situation occurs in cases of thalassemia [7] and myelodysplastic syndromes [8] , for instance. The latter applies to cancer cells in general, acute myeloid leukemia clones in particular, for which ample iron provision is needed to support growth, particularly in the blast crisis. The pivotal role of iron in such circumstances has recently been clearly evidenced by the redirection of proliferating blasts into the monocyte lineage with a treatment including iron chelation [9] [10] [11] .
To clarify conditions under which cell proliferation occurs, the quantitative iron needs of model cell lines and of hematological progenitors for amplification have been evaluated herein. The implemented integrative approach minimally perturbed cells, and it allowed us to show that proliferation is supported by smaller amounts of iron than assumed before. With the help of a recently developed theoretical model of cellular iron homeostasis, these data should help understand the role of iron deregulation in a wealth of pathological conditions, and they will have to be considered for a better implementation of the therapeutic strategies targeting iron-dependent pathways.
Materials and methods

Reagents
All reagents were obtained from Sigma-Aldrich unless stated otherwise. Human holo-transferrin (i.e. iron-loaded transferrin, Sigma T4132) was iron saturated with 2 Fe atoms/molecule. The iron content of human apo-transferrin (apo-Tf), i.e. the protein devoid of iron, was measured by inductively coupled plasma-mass spectrometry at less than 0.025 iron atom/transferrin molecule. Recombinant human Iron Regulatory Proteins (IRP) 1 and 2 were obtained as previously detailed [12, 13] .
Cell lines
The cell lines used in the present study originated from the ATCC biological resource. The human myeloid leukemia KG1 and K562 cells were grown in RPMI-1640 medium, supplemented with 10% fetal bovine serum (Biowest, origin: South America, batch containing 1.7 mg of iron/l), 1% L-glutamine, 100 U of penicillin/ml and 0.1 mg steptomycin/ml at 37°C with 5% CO 2 . As a rapidly growing cell model significantly different from the above cell lines, HeLa cells were routinely maintained in Dulbecco's modified Eagle medium (DMEM) supplemented as above for leukemic cell lines. The iron-containing DMEM was replaced by RPMI after iron depletion for direct comparison of the iron-requirements of the HeLa cells as compared to the other cells used in this work.
Purification of CD34
+ progenitors CD34 + cells were obtained from cord blood after Ficoll-Hypaque (Abcys -Eurobio) density gradient separation and they were isolated by two steps of immunomagnetic separation (Miltenyi Biotec), on large then medium size columns, successively. Cord blood procedures were approved by the French Blood Service's Institutional Review Board, and samples were obtained from healthy donors who gave informed consent.
Iron depletion and proliferation assay for cell lines
After routine maintenance in rich media, cell lines were handled in a minimal medium composed of RPMI-1640, 1% treated (see below) bovine serum albumin (BSA), 30 nM sodium selenite, 1% L-glutamine, 100 U of penicillin/ml and 0.1 mg steptomycin/ml at 37°C in 5% CO 2 . In the case of HeLa cells, the minimal medium was used after adhesion in the conventional rich medium. To remove as much iron as possible, the BSA powder was dissolved in 10 mM HEPES buffer pH 7.3 containing 5 mM EDTA before dialysis with successive baths of distilled water until reaching an EDTA concentration below 1 nM. Beforehand, distilled water was filtered through Chelex cation exchange resin (BioRad). The BSA concentration was estimated by spectrophotometry at 280 nm (ε = 39,600 M −1 cm
−1
). Cells were seeded at 5 × 10 5 cell/ml in minimal medium without added iron or Tf, and the chelating agent was added for 24 h. Deferoxamine mesylate salt was used at 200 μM and deferiprone at 500 μM.
The depletion medium was replaced by the minimal medium supplemented with the wanted source of iron. Cells were further kept for 24 h, which is the optimum duration to measure growth at low iron concentrations before cell death, and the cells were then processed. Viable cells were determined by Trypan blue staining and quantified with a Luna™ counter (Logos).
Amplification, iron depletion, and proliferation assay for CD34 cells
A synthetic minimal medium was used to control iron supply. It was composed of Iscove's Modified Dulbecco's Medium (IMDM, Life Technologies), 1% iron-depleted albumin (as described above), 200 μg/ml insulin, 0.1 mM β-mercaptoethanol and the StemMACS HSC expansion cocktail (TPO/FLT3/SCF -Miltenyi Biotec) at 37°C in 5% CO 2 . Freshly isolated CD34 + cells were seeded at 1 × 10 5 cells/ml and amplified for three days in the above minimal medium supplemented with 1.25 μM holo-Tf. Iron depletion and further experiments were carried out in the same medium in which the iron source was precisely monitored. Viable cells were determined by Trypan blue staining in Neubauer slides.
Cell cycle assays
Cells were rinsed and suspended at 3 × 10 6 cells/ml in Phosphate Buffered Saline (PBS) solution. They were fixed by slowly adding cold ethanol up to 50% (v:v) with thorough mixing. The suspension was left at 4°C for one hour, the cells were centrifuged, washed with cold PBS, and suspended in PBS (4 × 10 6 cells/ml). RNA were degraded by 0.5 mg/ml RNAse A (Thermo Scientific) at 37°C for 1 h, and cells were labeled by 10 μg/ml propidium iodide. The fluorescence was measured by flow cytometry with the LSR Fortessa™ cell analyzer (Becton Dickinson) using the 488 nm sapphire laser. The data were analyzed with the Modfit LT v3.2 software (Verity Software House).
Iron measurements
Iron concentrations were determined by Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) using a XSERIES 2 analyzer (Thermo Scientific). Cellular pellets were suspended at 4000-8000 cells/μl of water. The volume corresponding to 8 × 10 5 cells was diluted (1:25) and mixed (1:1 v/v) with 1% nitric acid before analysis. Raw results were converted to cell associated concentrations by considering the estimated volumes of KG1 and K562 cells, 0.8 and 2.5 pL, respectively, in agreement with previously published values for the latter [14] . Gallium was used as internal standard. For iron measurements in the growth media, 100 μl were directly treated with acid before analysis.
IRP activity measurement
IRP1 and IRP2 RNA-binding activities were measured by electrophoretic mobility shift assays with 3 μg of total protein extracts. The minimal sequence of human ferritin H-chain Iron Responsive Element (IRE) [12] was biotin-labeled with biotinylated cytidine (bis)phosphate using T4 RNA ligase (Thermo Scientific). The IRE-IRP reaction was carried out as previously described [12] and the complexes were separated on nondenaturing 4% PAGE in 0.5X TBE, transferred onto Hybond™ N + membrane (GE Healthcare) and the biotinylated bands were detected after interaction with the streptavidin-horseradish peroxidase conjugate by the chemiluminescent luminol product. Quantitation of the signals was done with the Image J software (v1.47, Wayne Rasband, Research Services Branch, National Institute of Mental Health, Bethesda, Maryland, USA).
Western blotting
Twenty to forty μg of total proteins were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis on 8% or 15% gels, and proteins were transferred to polyvinylidene difluoride membranes. For CD34 + protein extracts, 8-16% gradient gels (Gene Bio-Application Ltd) were used. The blots were saturated with 10% non-fat milk in PBS-Tween 0.2% and probed overnight at 4°C with antibodies (all produced in rabbit) against IRP1 (1:500) [15] , ferritin (1:1000, Cell Signaling), heme oxygenase-1 (1:1000, Assay Designs), transferrin receptor 1 (1:1000, Abcam), and actin (1:250, Sigma Aldrich). Following three washes with PBS-Tween 0.2%, the blots were incubated with peroxidase-coupled goat anti-rabbit IgG (Bethyl) at a dilution of 1:5000 for 1 h at room temperature, followed by detection with the Pierce ECL western blotting substrate (Thermo Scientific).
Measurement of intracellular reactive oxygen species (ROS)
Intracellular ROS were measured using oxidant-sensitive fluorescent probes. Briefly, 500 000 cells were incubated without or with 200 μM carboxy-dichlorodihydrofluoresceinediacetate acetyl ester (carboxy-H 2 DCFDA, Molecular Probes) and 10 μM dihydroethidium (DHE) at 37°C in 5% CO 2 for 30 min. Then cells were washed in phosphate buffer saline before fluorescence measurement with the LSRFortessa™ FACS (Becton Dickinson) cytometer.
Measurement of lipid peroxidation
Cell pellets (7.5 10 5 ) were suspended in 0.4% (v:v) thiobarbituric acid, 50% acetic acid, 2 mM EDTA, and heated slightly below 100°C for one hour. After cooling in ice the lysate was centrifuged for 10 min at 4000 g. The fluorescence of the supernatant (λ ex = 535 nm; λ em = 595 nm) was measured with the Infinite M200 plate reader (Tecan Group Ltd, Männedorf, Switzerland).
Measurements of mRNA
Total RNA was purified from KG1 and K562 cells grown in the absence and in the presence of 200 μM deferoxamine for 24 h. Complementary DNA was synthesized from 1 μg of RNA with modified Moloney Murine Leukemia virus reverse transcriptase (M-MuLV RT, Euromedex #09-11211) and oligo(dT) 12 -18 primer, and diluted 30-fold. It was amplified by real-time qPCR (C1000 Thermal Cycler CFX96, BioRad), using validated primers and the HOT Pol Evagreen qPCR Mix Plus (Euromedex).
Statistical analysis
All quantitative variables were expressed as mean. Comparison of data was made using the Mann-Whitney t-test. Statistical analysis was performed using the STATVIEW® software package 5.0.
Results
Iron withdrawal and growth arrest
The myeloid leukemia cell lines used in this work are fast growing in a complete medium containing bovine serum with endogenous Tf. K562 and KG1 cells were treated with the clinically implemented iron chelator deferoxamine (DFO), with the aim of scavenging the essential metal nutrient in a relatively short time. Preliminary experiments showed that adding 200 μM DFO to cells growing in complete medium resulted in growth arrest within 24 h. The number of viable cells leveled off after treatment ( Fig. 1A) with the disappearance of cells entering mitosis (Fig. 1B,C) . Additional experiments using the same DFO concentration for a longer time, up to 72 h, indicated that cells progressively died. When the iron chelator had been added for 24 h, the residual intracellular iron concentration was unable to support growth. But actively growing cells divided for at least one generation when the complete medium without chelator was replaced by a minimal one devoid of iron-loaded Tf (see Section 2.4). As expected, the above observations are not restricted to the use of DFO, since a different iron-binding chemical, deferiprone (3-hydroxy-1,2-dimethyl-4-pyridinone, DPF), gave qualitatively similar results (Fig. 1) .
The growth arrest induced by chelators was not paralleled by a significant increase of detectable oxidizing species in viable cells (Table S1 ). Accordingly, lipid peroxidation was not increased, and heme oxygenase 1 was not induced by the short term application of the chelators (Fig. S1 ). Overall, these results indicate that the iron-deprived viable cells do not experience significant oxidative stress.
Iron-or transferrin-triggered recovery from the iron-depleted state
Starting from the iron-depleted situation generated by the 24 htreatment with 200 μM DFO, iron was added back to the medium without serum and the reversal of growth arrest was monitored by a series of complementary experiments. As can be seen in Fig. 2 , and in agreement with former observations indicating that endocytosis of the Tf-Tf receptor complex is the privileged cellular iron uptake pathway [16] , Tf was a far better mediator of iron provision to KG1 cells as compared to a simple iron salt such as ferric ammonium citrate (FAC). In these experiments, Tf is a key component of the medium since growth did not resume in the Tf-free minimal medium (Fe = 0 in Fig. 2 ). At least 10-times more iron provided by FAC was needed to increase the cell number in similar proportions to the situation in which iron is provided by loaded Tf. Yet, in both sets of conditions, viable cells efficiently recovered from the depleted situation without apparent harm and despite the absence of serum.
In the above experimental setting, the amount of Tf and associated iron needed to support growth can be precisely evaluated. Independent determinations in different experiments indicated that growth of K562 cells resumed after 24 h at Tf concentrations between 10 and 20 nM (Fig. 3A) . The corresponding value for the KG1 cell line was shifted to below 5 nM fully loaded Tf (Fig. 2B) . Accordingly, monitoring the cell cycle indicated that the proportion of G2/M cells progressively increased with the Tf concentration to reach a value similar to that displayed by actively growing cells in the presence of serum (Fig. 3A) .
Considering the very low concentrations of Tf added to resume growth, it may be asked whether the effect is driven by added iron or is due to the Tf protein, a strong ferric iron binder of its own. To address this question apo-Tf (the iron-free protein), instead of holo-Tf (with bound iron), was used in the replenishment experiments. Apo-Tf concentrations as low as 15 nM were able to maintain viability of iron-depleted K562 cells for 24 h, and to reinitiate growth as witnessed by the re-appearance of the G2/M peak (Fig. 4) . However, viability was not maintained under these conditions, i.e. without added loaded Tf, for more than 2 or 3 days. These experiments suggest that apo-Tf can mobilize some non-Tf bound iron brought by the medium or trapped by cells after treatment with the chelator. Yet, most of the non-Tf bound iron cannot be used by cells under these conditions, since viability and growth are supported for shorter duration than in the presence of holo-Tf.
The loss of cells in G2/M was also observed by treating HeLa cells with DFO. After iron depletion, viable cells re-entered the cell cycle (data not shown) as a function of the amount of re-added iron-loaded Tf at low concentrations (1-5 nM), in a range similar to that observed with KG1 cells (Fig. 2) .
Thus the behavior of the cell lines upon iron recovery may quantitatively vary since growth of KG1 or HeLa cells resumed at smaller Tf concentrations than K562 cells. But the Tf concentration range rescuing growth arrest and death triggered by iron depletion and inducing re-entry into the cell cycle falls within a few tens of nM of Tf, at most, for all examined cell lines.
Molecular changes associated with iron replenishment
The iron concentration associated with cells followed the amount of added holo-Tf ( Fig. 2; Fig. 3B ). Yet, a consistent shift of the Tf concentration at which iron started to accumulate was observed ( Fig. 2; Fig. 3A,B) compared to the concentrations triggering growth resumption, as monitored by increases in cell density and the development of the proportion of cells in the G2/M phase for instance. This indicates that iron storage occurs only when basic cellular needs are secured, including those required for proliferation in the present experimental conditions.
Ferritin is the protein responsible for intracellular iron storage. Immuno-detection of ferritin was found to follow the increase of intra-cellular iron as expected (Fig. 3B,D) . In a mirroring function, the Tf receptor is all the more needed as iron is lacking. It thus decreased as more iron became available (Fig. 3C ). Ferritin and Tf receptor 1 clearly increased and decreased, respectively, at lower Tf concentrations in KG1 cells (Fig. S2 ) than in K562 cells (Fig. 3) .
The Iron Regulatory Proteins (IRP) were identified three decades ago as major regulators of ferritin and Tf receptor 1 translation [17, 18] . According to its accepted mechanism, active IRP in iron limited conditions are repressors of ferritin translation and enhancers of Tf receptor 1 synthesis. In line with the results of the immuno-blots for ferritin and the Tf receptor 1, the IRP activity, but not the amount of the IRP1 protein, decreased as iron became available to cells via Tf (Fig. 3, Fig. S2 ). Changes in the concentration of other iron regulated proteins, such as NDRG1 (Fig. S3) , were also observed in these experiments, which indicates that the implemented conditions largely dealt with iron/Tf effects rather than with less direct mechanisms. Indeed, lipid peroxidation, inducible heme oxygenase (HO-1), or oxidizing species concentrations did not significantly change in any of the samples (Table S1 and Fig. S1 ). Thus, the behavior of the studied cell lines cannot be explained by, or be associated with, iron mobilization by increased oxidative stress and cellular damage.
Apo-Tf can maintain viable iron-depleted cells for a short time (Fig. 4A ) whereas cells without apo-Tf did not show any sign of growth (absence of G2/M cells for instance). However, addition of apo-Tf did not significantly change the IRP activity (Fig. 4B) , the amount of the Tf receptor 1 (Fig. 4D) , and only marginally ferritin (Fig. 4E) . Also, the iron associated with cells did not dose-dependently follow added apoTf (Fig. 4C) . Thus, whereas apo-Tf avoided immediate death of irondepleted K562 cells, it did not display the dose dependency observed with holo-Tf (Fig. 3) .
Derivation of the iron concentration needed for cellular growth
The data reported in Fig. 3 and S2 call for a quantitative assessment of the species under consideration. Toward this aim, it is convenient to use a previously developed theoretical framework [19] (and unpublished). The regulatory effect of iron on the IRP was represented by a sigmoid of the form [Fe] n /([Fe] n + θ n ),
where [Fe] is the iron concentration detected by the regulatory system, θ is a value representing the iron threshold triggering the IRP activity (increasing below, disappearing above), and n is a number indicating the steepness of the sigmoid. Using this iron-dependency and assuming regulation by [Fe] has reached a stationary state at the time of the measurement, the variations of the IRP activity with [Fe] were adjusted according to:
Derivation of this equation is presented in Appendix A. IRP max is the IRP activity measured without added Tf and considered to be maximal, and h is the ratio of the kinetic constants for the disappearance of IRP activity (the one in the presence of abundant iron divided by that in its absence). In the case of K562 cells the best adjustment of the data equating [Fe] in Eq. (1) to the provided Tf bound iron returned values of θ = 61.3 (SD 15.4) nM, h = 3.95 (SD 0.7), and n~2 (Fig. 5) . It means that the iron concentration modifying the IRP activity is that afforded by ca. 30 nM of added fully loaded Tf, and that the rate of disappearance of the IRP activity is 4-fold faster in the presence of iron than in its absence. A similar treatment of the data obtained with KG1 cells returned values close to 10 nM and 4 for θ and h, respectively (Fig. 5) .
The values of h and n are similar in both cell lines (see also Table S2 ): this suggests that the mechanisms involved in regulating the IRP activity are conserved in different cells. The calculated values of θ deserve further analysis, because the correspondence between the added Tf-bound iron and the intracellular concentration detected by IRP is not straightforward. Fig. 3 shows that cell-associated iron started to increase at externally added Tf values higher than those triggering the decrease of IRP activity and the increase of the number of cells re-engaged in the cycle. This strongly suggests that all provided iron in the lowest Tf concentration range is readily used for biosynthetic needs without storage. Further, for a given cell type, a single set of parameters accounts for the sigmoidal dependence of IRP/IRP max with [Fe] (Fig. 5) . Thus, the amount of externally provided iron and the "IRP-detected" intracellular one are simply related and assumed to be proportional. But, since it is difficult to estimate the value of the proportionality coefficient from the data or from theoretical considerations, we let intracellular [Fe] of Eq. (1) vary between 1/100 and 100-fold the external Tf-bound iron concentration in adjustments similar to those of Fig. 5 . Satisfactory fits for the K562 data were obtained, in which h and n did not change, and the boundaries for θ were approximated (Table S2) . If the intracellular iron concentration detected by IRP were 100-fold that provided by Tf, cells would concentrate 100-fold externally available iron, all into the intracellular fraction detected by IRP only, before the onset of storage. This situation seems very unlikely, as it implies that ferritin is used for far higher intracellular iron concentrations than 100-times that of externally provided Tf, i.e. in the μM range in our experiments. It thus seems more realistic to limit this multiplicative factor to values way lower than 100. Of note, growth resumption of progenitors from cord blood (see below) and of both KG1 and HeLa cells occurred at lower Tf concentrations than for K562 cells, indicating even lower iron needs in these cases. From this analysis it may be concluded that the concentration of intracellular, easily mobilized, and Tf-derived iron most probably falls well below a few hundred nM to support cellular division. 
Transferrin dependence for amplification of CD34 + progenitors
CD34 + progenitors were isolated from cord blood and the influence of Tf-bound iron on growth was studied for comparison with cell lines. The purification procedure gave preparations with more than 80% (mean 89.2% SD 5.3 for 13 experiments) of quiescent CD34 + cells (Fig. 6A) .
To circumvent the uncertainties in the composition of the complex media supporting culture of CD34 + cells, a minimal medium of welldefined composition (see Section 2.5) was designed following the pioneering work of others [20] . The purified progenitors proliferated in the medium containing ca. 1 μM holo-Tf, with up to a 4-fold increase of CD34 + cells after 3 days. Accordingly, the proportion of cells in the G2/M phase meanwhile rose (Fig. 6B ) from 0 after isolation to up to 8%. Amplified cells could be kept for up to 9 days in culture, even with nM concentrations of Tf, and with medium changes every 3 days. Omission of Tf rapidly led to cell death without amplification or differentiation. Expansion of CD34 (Fig. 6C) , and removal of the chelator without Tf addition did not maintain viable cells (Fig. 6D) . Thus, DFO-treated CD34 + cells are deficient in readily available iron. But addition of holo-Tf concentrations as low as 5 nM maintained viable CD34 + cells and growth resumed, as shown in Fig. 6E at 15 nM. The ferritin protein also increased with large iron provision, with a mirroring decay of Tf receptor 1 (Fig. 6F) , as observed with cell lines (Fig. 3, Fig.S2) . In experiments in which small concentrations of either holo-Tf (e.g. Fig. 6E ) or apo-Tf (e.g. Fig. 4A ) were added to the growth medium of progenitors, viability stayed at the same level with both forms of Tf for a short time (b2 days). Efforts to deplete serum albumin of bound cations (see Section 2.4) left 300 nM of iron on average (SD = 75, 7 independent measurements) in the complete minimal growth medium. Therefore, ca. 10 times more iron than provided by holo-Tf is present in the growth medium, and any form of Tf (apo-or recycling holo-) is needed to make a little part of non-Tf bound iron available to the cells. Yet, amplification of CD34 + cells increased with added holo-Tf, indicating that iron associated with Tf turnover was the limiting factor for progression of the cell cycle. Congruent with the observations made with cell lines (Fig. 3 ; Fig. 4 ; Fig. S2 ), it can be concluded that CD34 + progenitors enter the cell cycle and start proliferating with less than 15 nM Tf, a concentration similar to that supporting growth of KG1 and HeLa cells after DFO chelation.
Discussion
The present studies provide an unprecedented opportunity to estimate the amount of iron needed to support growth of hematopoietic progenitors and of different cell lines after sufficient depletion for growth arrest. A key feature of these experiments is that no external compound, such as a fluorescent probe, was added to secure readouts. Instead, a set of iron-sensitive endogenous parameters were measured to monitor levels of functional cellular iron. Accordingly, cellular stores were monitored by ferritin levels, and the amount of iron needed to reinitiate growth was precisely measured by quantitatively following the iron trafficking proteins, such as Tf receptor 1, and the activity of the cellular iron regulatory system (Iron Regulatory Proteins). The remaining iron traces in the different conditions have been taken into account by demonstrating the mandatory addition of iron-loaded Tf for proportional growth, and by showing the very limited ability of apo-Tf to mobilize residual non-Tf bound iron.
Significance of functional intra-cellular iron concentration (FIC)
The estimate of the iron amount needed to support cellular growth (Figs. 3, 5, S2 ) is significantly smaller than previous phenomenological measurements of exchangeable iron by fluorescent probes e.g. [21, 22] . In a situation as complex as that afforded by cellular iron homeostasis, it is difficult to exactly know which iron species are detected by fluorescent molecules [23] . In contrast, the present experiments only monitor endogenous systems. Hence, the two approaches certainly have their own merits and they should be used accordingly. To acknowledge this difference, and considering the largely accepted term of labile iron pool (LIP) coined to the metal that can be bound by fluorescent reportermolecules, we propose to designate by functional iron concentration (FIC) that detected by the endogenous iron-responsive systems, mobilized for viability, and estimated here. Increases of the LIP have often been proposed to participate to increased oxidative stress via intracellular Fenton-like chemistry, whereas the FIC identified herein does not generate any sign of oxidative imbalance (Table S1 ). The lower values of FIC as compared to LIP brings the available intracellular iron concentration closer to those of other essential transition metals, including zinc which is generally found in total amounts similar to those of iron in biological systems. Indeed, despite the relatively large quantities of zinc present in cells (N μM), the cytosolic concentration of the Zn 2+ ions is buffered largely below nM values [24] . In the case of iron the θ values of the FIC fall below the dissociation constants measured for most iron-containing enzymes and proteins [25] . Without entering into a thorough discussion of this point, it is of note that the only iron chaperones postulated in mammalian cells belong to the poly(rC) binding proteins (PCBP) family [26] . The lowest dissociation constant describing the binding of the first iron atom to PCBP1 is below 1 μM [27] , and the transfer of that iron to ferritin, the first proposed substrate of iron loaded PCBP1/2, displays thermodynamic constants in the 0.2-0.3 μM range. These data perfectly fit in the scenario emerging from our studies: the determined FIC is relevant under ironlimiting conditions, before the involvement of PCBP and the need for storage in ferritin. Thus, the idea of a FIC adds a missing link in mammalian cellular iron homeostasis by depicting the available iron readily delivered by Tf for immediate cellular needs, i.e. below the iron concentrations demanding storage.
Consequences for normal and pathological hematopoiesis, and other conditions
The observations and quantitative evaluations made with the K562 and KG1 cell lines also apply to the primary cells they can be considered to derive from. Amplification of the CD34 + cord blood progenitors was efficient in minimal medium ( Fig. 6B ) with small, in the nM range, concentrations of Tf. The low FIC values are of relevance in pathological situations. For instance, myelodysplastic syndrome (MDS) patients often need regular transfusions to reach a suitable circulating hemoglobin concentration. However, this treatment is prone to induce iron overload and a majority of these patients benefit from iron chelation therapy in terms of overall survival [28] and dependence on transfusion. Acute myeloid leukemia (AML) as cause of death in non-refractory anemia with ring sideroblasts MDS patients was annihilated by iron chelation in a retrospective clinical analysis [29] . Hence, the AML clones likely grew on the ample iron provision afforded by transfusions, and the continuing presence of chelator counteracted this effect. Iron manipulation to oppose growth of cancer cells should thus integrate the presently determined concentrations as target values to optimize efficiency while minimizing risks. Another example is the widespread provision of erythropoietic stimulating agents (ESA) in cancer related, radiation-or chemotherapy-induced, anemia. Patients suffering from cancer related anemia with low Tf saturation and medium/low ferritin may be offered a combination of ESA and intravenous iron under various forms (dextran, sucrose, gluconate, etc.) in a relatively short period of time [30] . Increased hemoglobin levels and decreased needs for transfusions are efficiently reached in clinical studies [30] , often with increase of the Tf saturation (and of circulating ferritin) in responding patients with very low (b 20%) values before enrollment. But the still incomplete evaluation of intravenous iron injections, particularly in the long run, is requested [30] .
Conclusions
The requirement for proper iron monitoring, especially in a clinical context, is called for by our studies, which show that even low Tf concentrations and small iron loads, at low nM levels, promote growth of transformed cells. Such cells may remain after or during chemotherapy, hence increasing the risk of relapse with sustained iron provision. Iron chelation [31] and iron deprivation with drug delivery by targeting Tf receptor 1 [32] afford high hopes in anti-cancer therapies. With the presently reported information at hand, this promising field should focus on the differences between iron homeostasis in normal and pathological cells [33] in order to allow design of more targeted and efficient treatments.
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Appendix A
The temporal evolution of active IRP has been previously described [19] and it has the following form:
where y is the variable representing the concentration of active IRP, k 1 , k, and k 2 are the kinetic constants for non-regulated production, irondependent inactivation, and non-regulated degradation of IRP, respectively. σ is a sigmoid function of available iron ([Fe]) and of the iron threshold (θ) regulating the IRP activity according to:
in which n represents the steepness of the iron regulation of IRP. Under conditions of extreme iron shortage, as implemented after iron chelation and growth arrest with onset of cell death, σ~0, and, assuming that the IRP activity has reached a stationary state (dy/dt = 0), y = y max = k 1 /k 2 . After 24 h of iron replenishment, it is assumed that cells have reached a density dependent on the externally provided iron (bound to transferrin). This density does not increase further and it corresponds to a steady state. This assumption appears valid for small transferrin concentrations, since proliferation is not supported beyond this time limit and cell death starts in the absence of further iron addition. At higher iron concentrations it is less correct as growth continues for a number of divisions which parallels iron provision. The steady state assumption (dy/dt = 0) implies:
writing h = k/k 2 and developing:
which is Eq. (1) used in Fig. 5 .
